We have developed a non-invasive photoacoustic ophthalmoscopy (PAOM) for in vivo retinal imaging. PAOM detects the photoacoustic signal induced by pulsed laser light shined onto the retina. By using a stationary ultrasonic transducer in contact with the eyelids and scanning only the laser light across the retina, PAOM provides volumetric imaging of the retinal micro-vasculature and retinal pigment epithelium at a high speed. For B-scan frames containing 256 A-lines, the current PAOM has a frame rate of 93 Hz, which is comparable with state-of-the-art commercial spectral-domain optical coherence tomography (SD-OCT). By integrating PAOM with SD-OCT, we further achieved OCT-guided PAOM, which can provide multi-modal retinal imaging simultaneously. The capabilities of this novel technology were demonstrated by imaging both the microanatomy and microvasculature of the rat retina in vivo.
Introduction
Retinal diseases are the major causes of blindness in developed countries. The accurate diagnosis and management of retinal diseases highly depend on non-invasive imaging techniques. Most of the existing retinal imaging modalities, such as fundus photography [1, 2] , scanning laser ophthalmoscope (SLO) [3] , and optical coherence tomography (OCT) [4] [5] [6] [7] [8] are optical reflection based-they rely on the back-reflected light from the retinal tissues to form an image. Various contrasts such as optical scattering, Doppler shift induced by blood flow, and optical polarization have been used for both anatomical and functional ophthalmic imaging; however, until now, there still lacks an ophthalmic imaging modality that can image the optical absorption properties of retinal tissues.
Imaging the optical absorption properties at multiple wavelengths can provide necessary information for sensing retinal functional parameters such as retinal vessel oxygenation (sO 2 ) [9, 10] . Mapping the retinal vessel sO 2 and imaging the retinal vasculature is important for the early diagnosis of diabetic retinopathy (DR), one of the leading blinding diseases around the world characterized by retinal blood vessel malfunctions [11] .
Optical absorption can also provide specific contrast for imaging the pigmentation of retinal pigment epithelium (RPE), a monolayer of pigmented cells located between vessels of the choriocapillaris and light-sensitive outer segments of the photoreceptors. RPE has complex biological functions in the visual process including participation in the regeneration of retina in the visual cycle and the phagocytosis of photoreceptor outer segments; a failure of either of these functions can lead to degeneration of the retina, loss of visual function, and eventually blindness [12] . RPE cell malfunction contributes to numerous retinal diseases, including age-related macular degeneration (AMD), another leading blinding disease in industrialized countries. There have been considerable efforts in imaging the RPE, the most successful of which is lipofuscin autofluorescence imaging [13] ; however, there still has been no technology that can directly image the optical absorption of the RPE.
Photoacoustic microscopy (PAM) [14] [15] [16] is an optical-absorption based microscopic imaging modality that detects laser-induced ultrasonic waves (photoacoustic or PA waves) as a result of specific optical absorption. Since optical absorption is strongly associated with physiological parameters, PAM has drawn great interests from various biomedical research fields. If it can be adapted to retinal imaging, PAM has the potential to greatly improve the diagnosis and research of DR and AMD.
Our recent developments on the laser scanning optical-resolution PAM [17] [18] [19] and its integration with OCT have opened a window for photoacoustic ophthalmoscopy (PAOM). In this paper we report our latest progress on PAOM for in vivo retinal imaging in small animals.
Methods
Figure 1(a) shows a schematic of the experimental system. The illumination source was a frequency-doubled Q-switched Nd:YAG laser (SPOT-10-100-532, Elforlight Ltd, UK: 532 nm; 10 µJ/pulse; 2 ns pulse duration; 30 kHz pulse repetition rate). The output laser light was attenuated with a series of neutral density (ND) filters before coupled into a 2×2 single mode optical fiber beam splitter. The output laser light from one output arm of the beam splitter was collimated and combined with the OCT light beam in the sample arm by a dichroic mirror (FEL0700, Thorlabs, Inc). The other output arm of the fiber beam splitter was connected to a multimode fiber beam splitter, the outputs of which were connected to two photodiodes (DET10A, Thorlabs Inc), respectively. To ensure ocular laser safety, the PAOM laser pulse energy was set lower than 40 nJ/pulse.
The induced PA waves from the retina were detected by a custom-built needle ultrasonic transducer (30 MHz; bandwidth: 50%; active element diameter: 1 mm), which was placed in contact with the eyelid coupled by ultrasound gel [ Fig. 1(b) ]. The detected PA signals were first amplified by 80 dB then digitized and stored by a digitizer (PCI-5122, National Instruments) at a sampling rate of 100 MS/s. The energy of each laser pulse was also recorded by one of the photodiodes (Pd1) to compensate for the pulse energy instability. No signal averaging was used. The axial resolution of the PAOM was independently quantified to be 23 µm and the lateral resolution was comparable to that of the OCT subsystem (only differed by the ratio of the two optical wavelengths between PAOM and OCT). The fiber-based spectral-domain OCT (SD-OCT) subsystem is similar to that reported in our previous publications [20] . Briefly, the SD-OCT consists of a superluminescent diode light source (IPSDM0821C-101, Inphenix), a 3-dB fiber coupler, a reference arm, a sample arm coupled with the PAOM, and a spectrometer for detecting the interference signals in the spectral domain. The light source has a center wavelength of 870 nm and a full-width-halfmaximum bandwidth of 100 nm. The exposure time of the line scan CCD camera (Aviiva, e2V, Chelmsford) in the spectrometer was set to 36 µs, which can acquire OCT images with a line rate of 24 kHz. The measured sensitivity was better than 95 dB. The calibrated depth resolution is 4 µm in tissue and the lateral resolution is estimated to be 20 µm. The combined PAOM and OCT light beams were scanned by an x-y galvanometer and delivered to the eye through an achromatic relay lens (f = 60 mm) and an objective lens (f = 14 mm, ACH 12.5×14 VIS-NIR, Edmund Industrial Optics).
To ensure automatic registration of the two imaging modalities as described in [18] , the PAOM and OCT subsystems were synchronized by the sampling clock of the analogue output (AO) board (PCI-6731, National Instruments), which triggers both the PAOM laser and the image acquisition board for the CCD camera in the OCT spectrometer and controls the galvanometer scanner. The PAOM data acquisition was triggered by one of the photodiodes (Pd2) to avoid laser jittering.
We used Long Evans rats (body weight: 300 g, Charles Rivers) with normal retinas to assess the imaging capability of the multimodal system. The animals were anesthetized by intraperitoneal (IP) injection of a cocktail containing Ketamine (80 mg/kg body weight) and Xylazine (10 mg/kg body weight). In the meantime, the pupils were dilated with 10% Phenylephrine solution. Drops of artificial tears were applied to the animals' eyes every two minutes to prevent dehydration of the cornea and cataract formation. After anesthetization, the animals were restrained in a mounting tube, which was fixed on a five-axis platform. Raster scans with the fast axis along the horizontal direction were performed. The scan angle was approximately 20° for imaging the rat retina.
All experiments were performed in compliance with the guidelines of the University of Southern California's Institutional Animal Care and Use Committee.
Results and discussions
The OCT-guided PAOM has two operation modes: alignment mode and acquisition mode. At the beginning of each imaging session, the PAOM worked in the alignment mode and the PA laser was blocked. Only the real-time OCT display was activated to provide guidance for locating the retinal region of interest (ROI). After the ROI was indentified, the PAOM laser was turned on and the system was switched to acquisition mode. In both PAOM and OCT, the A-line rate was 24 kHz. For B-scan images consisting of 256 A-lines, the B-scan frame rate was 93 Hz. The simultaneous acquisition of the volumetric PAOM and OCT images consisting of 256 B-scans took 2.7 seconds. Figure 2 shows the simultaneously acquired PAOM [ Fig. 2(a) ] and OCT [ Fig. 2(b) ] Bscan images of the left eye of a rat at the position marked in Fig. 2(c) . As clearly seen in the PAOM B-scan, the blood vessels appear as clusters of high amplitude PA signals. Beneath the blood vessels, the continuous line of high PA amplitude is the RPE layer. The vertical lines mark the corresponding positions of the recognized vessels, which show the automatic registration of the two modalities. Figures 2(a) and 2(b) demonstrate the contrast mechanism of PAOM-the stronger the optical absorption, the stronger the generated ultrasonic signals. We can see that the hemoglobin in the blood vessels and the melanin in the RPE cells are strong absorbers of the illuminating light, while other retinal tissues have very low optical absorption. This difference in optical absorption provides the foundation of functional and anatomical imaging of the blood vessels and the RPE. Figure 2(c) shows the maximum-amplitude-projection (MAP) of the PA data set. The circular boundary of RPE at the optic disc can be clearly observed. We can find that inside the optic disc only the blood vessels absorb the illuminating light; thus, the optic disc appears dark except for the blood vessels. The shadow marked HA in the MAP image is casted by the hyaloid artery remnant [8] . The signal-to-noise ratio in Fig. 2(c) is 23 dB. It is important to note in Fig. 2(a) that the depth resolution of the current PAOM system is sufficient to resolve the retinal blood vessels from the RPE in the depth direction. This resolving capability guarantees no interference between the blood vessels and the RPE when quantitative absorption is calculated from the images, which is critical for calculating the blood vessel sO 2 from the PAOM image. Figure 3 demonstrates the volumetric imaging capability of PAOM. Figure 3 (a) is a movie visualizing the imaged retinal vessels and RPE from different viewing angles. The shadows on the RPE are created by blood vessels blocking the illuminating laser light. Moreover, we developed an algorithm [21] to automatically segment the RPE layer and the retinal vessels. Figure 3(b) shows the MAP image of the segmented blood vessels, and Fig. 3(c) shows the overlaid MAP image of the segmented retinal vessel onto the segmented RPE, where the vessels are pseudo-colored in red and the RPE is pseudo-colored in blue. The field of view (FOV) of the PAOM was determined by the ultrasonic transducer, which had a circular area with a diameter of ~1 mm. By adjusting the orientation of the transducer we can target different retinal areas. The PA images of the same retina acquired at different transducer orientations can be montaged to form an image with larger FOV. Figure 4 (a) shows a montage of two PAOM images of the same retina. The enlarged FOV covers both the superior and inferior areas of the retina compared with the FOV shown in Fig. 2(c). For comparison, Fig. 4(b) shows the fundus image constructed from the simultaneously acquired 3D OCT data set [20] , where the blood vessels appear darker than Laser eye safety is one reasonable concern for in vivo retinal imaging. The design of the PAOM system strictly follows the ANSI laser safety standards [22] . The ocular maxim permissible exposure (MPE) depends on the optical wavelength, pulse duration, exposure duration, and exposure aperture. Signal averaging was not employed during data acquisition; thus, each scanning location on the retina was exposed to a single laser pulse. For a single laser pulse at 532 nm, the MPE should not exceed 5×10 −7 J/cm 2 ; this requires the maximum pulse energy to be 0.2 µJ, assuming the size of a typical dilated human pupil to be 7 mm in diameter [20] . The laser pulse energy used in the experiments was only 0.04 µJ, which is within the ANSI laser safety limit. We also checked the same eye with a commercial retinal imaging machine (Spectralis, Heidelberg Engineering) two weeks after PAOM imaging. Using different modes of imaging (SLO, red free, and auto-fluorescence) no damage to the RPE and retinal blood vessels has been observed.
Conclusions
The successful imaging of the retinal vessels and RPE in rat eyes demonstrated the capability of the technology. Our current study laid the foundation for future quantitative imaging of the sO 2 of the retinal vessels (using multiple wavelength illumination sequentially [23] ) and the distribution of the pigment in the RPE cell layer, which are important for the research and clinical diagnosis of DR and AMD (the two leading blinding diseases worldwide). The fast imaging speed (2.7 seconds for the whole 3D data acquisition), which is currently limited by the pulse repetition rate of the illuminating laser, makes the system suitable for routine in vivo applications in ophthalmic research.
